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ABSTRACT
Merging binaries consisting of two neutron stars (NSs) or an NS and a stellar-mass black hole typically form a
massive accretion torus around the remnant black hole or long-lived NS. Outflows from these neutrino-cooled accretion
disks represent an important site for r-process nucleosynthesis and the generation of kilonovae. We present the first
three-dimensional, general-relativistic magnetohydrodynamic (GRMHD) simulations including weak interactions and
a realistic equation of state of such accretion disks over viscous timescales (380 ms). We witness the emergence of
steady-state MHD turbulence, a magnetic dynamo with an ∼ 20 ms cycle, and the generation of a ‘hot’ disk corona
that launches powerful thermal outflows aided by the energy released as free nucleons recombine into α-particles. We
identify a self-regulation mechanism that keeps the midplane electron fraction low (Ye ∼ 0.1) over viscous timescales.
This neutron-rich reservoir, in turn, feeds outflows that retain a sufficiently low value of Ye ≈ 0.2 to robustly synthesize
third-peak r-process elements. The quasi-spherical outflows are projected to unbind 40% of the initial disk mass with
typical asymptotic escape velocities of 0.1c, and may thus represent the dominant mass ejection mechanism in NS–NS
mergers. Including neutrino absorption, our findings agree with previous hydrodynamical α−disk simulations that the
entire range of r-process nuclei from the first to the third r-process peak can be synthesized in the outflows, in good
agreement with observed solar system abundances. The asymptotic escape velocities and the quantity of ejecta, when
extrapolated to moderately higher disk masses, are consistent with those needed to explain the red kilonova emission
following the NS merger GW170817.
∗ NASA Einstein Fellow
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1. INTRODUCTION
When a binary system consisting of two neutron stars
(NSs) or an NS and a rapidly spinning stellar-mass black
hole (BH) merges into a single compact object follow-
ing a prolonged inspiral driven by gravitational-wave
(GW) radiation, the outcome is a violent interaction
that releases mass and energy into the surrounding en-
vironment (Lee & Ramirez-Ruiz 2007; Lehner & Preto-
rius 2014; Baiotti & Rezzolla 2017). Neutron-rich mat-
ter ejected into space during this process subsequently
synthesizes elements much heavier than iron via the
rapid capture of neutrons onto nuclei (r-process; Lat-
timer & Schramm 1974; Symbalisty & Schramm 1982;
Freiburghaus et al. 1999; Goriely et al. 2011). The
highest-mass nuclei reached by the r-process depends on
the neutron abundance in the ejecta, as quantified by its
electron fraction Ye = np/nb, where np and nb are the
proton and total baryon densities, respectively. Exclu-
sively light r-process nuclei with atomic mass A . 140
are created for 0.25 . Ye . 0.40, while heavier isotopes
with A & 140 are also produced if the ejecta is suf-
ficiently neutron-rich, Ye . 0.25 (Lippuner & Roberts
2015).
The first detection of GWs from an NS–NS merger
(the LIGO Scientific Collaboration & the Virgo Col-
laboration 2017) and the subsequent localization of this
event—dubbed GW170817—to a galaxy at a distance of
only ≈ 40 Mpc (e.g. Abbott et al. 2017 and references
therein) provides a golden opportunity to test theoret-
ical predictions for the electromagnetic and nucleosyn-
thetic signatures of these events. Eleven hours after the
merger, an optical counterpart was discovered (Coulter
et al. 2017; Soares-Santos et al. 2017; Valenti et al. 2017;
Arcavi et al. 2017; Lipunov et al. 2017; Evans et al. 2017)
with a luminosity, thermal spectrum, and rapid tempo-
ral decay consistent with “kilonova” (KN) emission pow-
ered by the radioactive decay of r-process nuclei synthe-
sized in the merger ejecta (Li & Paczyn´ski 1998; Metzger
et al. 2010b; Metzger 2017). Visual (“blue”) KN emis-
sion (Metzger et al. 2010b) was detected at early times,
which then faded and was supplanted after a few days by
a second distinct emission component at near-infrared
(“red”) wavelengths (Barnes & Kasen 2013; Tanaka &
Hotokezaka 2013; Wollaeger et al. 2017), thus implicat-
ing the presence of at least two separate ejecta compo-
nents. The blue KN is well-modeled as being powered
by ≈ 1.5×10−2M of light r-process nuclei (ejecta with
an initial electron fraction Ye & 0.25) moving at high
velocities ≈ 0.2 − 0.3 c, while the red KN requires a
greater quantity ≈ 4× 10−2M of ejecta that also con-
tains heavy r-process nuclei (Ye . 0.25) expanding at
a lower velocity v ≈ 0.1 c (e.g. Kasen et al. 2017; Cow-
perthwaite et al. 2017; Tanvir et al. 2017; Shappee et al.
2017; Kilpatrick et al. 2017; Kasliwal et al. 2017; Nicholl
et al. 2017; Chornock et al. 2017; Drout et al. 2017; Mc-
Cully et al. 2017; Tanvir et al. 2017; Villar et al. 2017;
however, see Smartt et al. 2017; Tanaka et al. 2017).
Theoretical work has identified several processes that
are expected to contribute to mass ejection in NS–
NS/NS–BH mergers (e.g. Ferna´ndez & Metzger 2016, for
a review). Strong tidal forces between the compact ob-
jects just prior to their coalescence eject low-Ye matter
focused into the equatorial binary plane (e.g. Rosswog
et al. 1999; Oechslin & Janka 2006; Hotokezaka et al.
2013b; Radice et al. 2016; Bovard et al. 2017). How-
ever, the total ejecta mass ≈ 5 × 10−2M inferred for
GW170817 exceeds the dynamical ejecta obtained by
any general-relativistic (GR) NS–NS merger simulation
to date (e.g. Shibata et al. 2017); the velocity v ≈ 0.1 c
of the red KN is, furthermore, several times lower than
that found by the numerical simulations.
An NS–NS merger, or an NS–BH merger resulting in
tidal disruption of the NS outside of the innermost sta-
ble circular orbit, also produces a massive rotating torus
surrounding the central compact remnant. This accre-
tion torus provides a promising central engine for power-
ing the collimated relativistic jet needed to create a short
gamma-ray burst (Narayan et al. 1992; Aloy et al. 2005;
Rezzolla et al. 2010; Ruiz et al. 2016). Outflows from
the same torus over longer timescales of up to seconds
provides another contribution to the r-process and KN
emission, in addition to the dynamical ejecta (Metzger
et al. 2008a, 2009; Ferna´ndez & Metzger 2013; Perego
et al. 2014; Just et al. 2015; Ferna´ndez et al. 2015).
The torus mass found from numerical simulations can
be as high as ≈ 0.1− 0.2M in an NS–NS merger if the
merger remnant goes through a hypermassive neutron
star (HMNS) phase1 prior to forming a BH (e.g. Shi-
bata & Taniguchi 2006; Hotokezaka et al. 2013a). In
this case, the red KN emission from GW170817 could
be explained if disk winds carry away ≈ 20−40% of the
total initial torus mass.
The enormous accretion rates achieved after the
merger, up to & 1M s−1, occur under conditions that
are highly optically thick to photons. However, the
disk can still be cooled by thermal neutrino emission
(Popham et al. 1999; Narayan et al. 2001; Kohri & Mi-
neshige 2002; Di Matteo et al. 2002; Beloborodov 2003;
Kohri et al. 2005; Kawanaka & Mineshige 2007; Chen
& Beloborodov 2007), a process that affects the lepton
number of the disk in addition to its thermodynamics.
The high densities and temperatures achieved in the
disk midplane enable weak interactions, particularly the
capture of electrons and positrons on free nuclei, to al-
ter Ye from the initial value of the merger debris. The
precise equilibrium value to which Ye is driven depends
1 The formation of an HMNS in GW170817 is supported in-
directly by the high and sustained level of neutrino irradiation
needed to explain the luminous blue KN (indicative of a large
quantity of high-Ye polar ejecta).
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on the degree of electron/positron degeneracy through
the Pauli blocking factors (Beloborodov 2003).
Magnetohydrodynamic (MHD) turbulence, as fed by
the magnetorotational instability (MRI; Balbus & Haw-
ley 1992), is expected to drive accretion in a wide va-
riety of astrophysical environments (Balbus & Hawley
1998), including in NS–NS and NS–BH mergers. How-
ever, nearly all previous numerical studies of the post-
merger accretion flow have been performed under the
assumption of hydrodynamics, adopting an effective hy-
drodynamical α−viscosity (Shakura & Sunyaev 1973)
in place of self-consistent MHD turbulence (Ferna´ndez
& Metzger 2013; Metzger & Ferna´ndez 2014; Just et al.
2015; Ferna´ndez et al. 2015; ?).2 These calculations also
generally assume axisymmetry and a pseudo-Newtonian
potential to mimic the effects of the GR spacetime.
A properly calibrated α-disk model can capture the
evolution of the disk surface density and bulk angular
momentum reasonably well. However, in detail, the na-
ture of the hydrodynamical turbulence (convection ver-
sus the MRI-driven turbulence) is fundamentally differ-
ent from that of the MHD case (Balbus & Hawley 2002;
Hawley & Balbus 2002). Furthermore, while in α-disks
the thermal energy generated by viscosity is locally dis-
sipated in proportion to the gas density, numerical simu-
lations of MHD disks show that a disproportionally large
fraction of their “heating” occurs nonlocally through re-
connection in low-density coronal regions (Hirose et al.
2006; Jiang et al. 2014a). This novel feature of MHD
disks may be important in the context of hyperaccre-
tion flows because the energy released in the disk corona
as free nuclei recombine into α-particles plays a signifi-
cant role in unbinding mass and driving a mass-loaded
outflow (MacFadyen et al. 2001).
This paper presents the first three-dimensional,
general-relativistic magnetohydrodynamic (GRMHD)
simulations of the neutrino-cooled BH accretion disks
created following NS–NS and NS–BH mergers. We be-
gin by describing the methodology of the numerical
simulations and our implementation of the microphysics
(Sect. 2) before discussing the setup of the initial data
(Sect. 3). We then provide a detailed description of
the disk evolution (Sect. 4), including the generation
of MHD turbulence; the evolution and self-regulation
of the midplane electron fraction; the generation of un-
bound outflows; and the properties of the disk neutrino
emission. Finally, we describe our calculation of the r-
process abundance yields of the disk outflows (Sect. 5).
Our results and their immediate implications for the
2 With the exception of the two-dimensional simulations of Shi-
bata et al. (2007); however, the antidynamo theorem (Cowling
1933) prevents saturated steady-state MHD turbulence in axisym-
metry.
r-process in compact object mergers were also summa-
rized in a companion Letter (Siegel & Metzger 2017).3
2. ANALYTICAL AND NUMERICAL SETUP
Our simulations of post-merger accretion disks are
performed in ideal GRMHD using the open-source
EinsteinToolkit4 (Lo¨ffler et al. 2012) with the
GRMHD code GRHydro (Mo¨sta et al. 2014). Although
we employ a fixed background spacetime for compu-
tational efficiency in the present simulations, our code
can also handle dynamical spacetimes. We use a finite-
volume scheme with piecewise parabolic reconstruction
(Colella & Woodward 1984), the HLLE Riemann solver
(Harten 1983; Einfeldt 1988), and constrained trans-
port (To´th 2000) to maintain a divergenceless magnetic
field. In this section, we focus exclusively on changes
to GRHydro and features that we have newly imple-
mented for the current simulations. These include weak
interactions and approximate neutrino transport via a
leakage scheme (Secs. 2.1 and 2.2), a new framework
and methods for the recovery of primitive variables
that support composition-dependent equations of state
(EOS; Sec. 2.3), and the Helmholtz EOS as a micro-
physical EOS also valid at comparatively low densities
and temperatures to accurately describe the properties
of disk outflows (Sec. 2.4).
2.1. GRMHD with weak interactions
The equations of ideal GRMHD with weak inter-
actions include energy and momentum conservation,
baryon number conservation, lepton number conserva-
tion, and Maxwell’s equations,
∇µTµν =Quν , (1)
∇µ(nbuµ) = 0, (2)
∇µ(neuµ) =R, (3)
∇νF ∗µν = 0, (4)
where
Tµν =
(
ρh+ b2
)
uµuν +
(
p+
b2
2
)
gµν − bµbν , (5)
is the energy-momentum tensor, uµ is the four-velocity,
nb is the baryon number density, ne is the electron
number density, and F ∗µν is the dual of the Faraday
electromagnetic tensor. Furthermore, p is the pressure;
h = 1 + + p/ρ denotes the specific enthalpy, with  be-
ing the specific internal energy; bµ ≡ (4pi)−1/2F ∗µνuν is
the magnetic field vector in the frame comoving with the
3 During the preparation of the present manuscript, Nouri et al.
(2017) presented evolution of a magnetized, neutrino-cooled accre-
tion disk from a BH–NS merger over ≈60 ms.
4 http://einsteintoolkit.org
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fluid; b2 ≡ bµbµ; and gµν is the space-time metric.5 We
assume that the thermodynamic properties of matter
can be described by a finite-temperature, composition-
dependent (three-parameter) EOS formulated as a func-
tion of density ρ = nbmb, where mb denotes the baryon
mass; temperature T ; and electron fraction Ye = nen
−1
b .
The evolution of Ye is described by Eq. (3). The source
terms Quν and R on the right-hand side of Eqs. (1) and
(3) account for the evolution of Ye due to weak inter-
actions, which create neutrinos and antineutrinos that
carry away energy and momentum from the system.
For numerical evolution, Eqs. (1)–(4) can essentially
be transformed into a set of conservation equations in
flat space by adopting a 3+1 split of spacetime into non-
intersecting space-like hypersurfaces of constant coordi-
nate time t (Lichnerowicz 1944; Arnowitt et al. 2008),
in which case, the line element can be written as
ds2 = −α2dt2 + γij(dxi + βidt)(dxj + βjdt), (6)
where α denotes the lapse function, βi is the shift vec-
tor, and γij is the metric induced on every spatial
hypersurface. The hypersurfaces are characterized by
the time-like unit normal nµ = (α−1,−α−1βi) (nµ =
(−α, 0, 0, 0)), which also defines the Eulerian observer,
i.e., the observer moving through spacetime with four-
velocity nµ perpendicular to the hypersurfaces. Equa-
tions (1)–(4) can then be written as
∂t(
√
γq) + ∂i[α
√
γf (i)(p,q)] = α
√
γs(p), (7)
where γ is the determinant of the spatial metric γij and
q ≡ [D,Si, τ, Bi, DYe] (8)
denotes the vector of conserved variables. The latter is
composed of the conserved density, the conserved mo-
menta, and the conserved energy, defined as
D≡ρW, (9)
Si≡−nµTµi = αT 0i = (ρh+ b2)W 2vi − αb0bi, (10)
τ ≡nµnνTµν −D (11)
= (ρh+ b2)W 2 −
(
p+
b2
2
)
− α2(b0)2 −D, (12)
respectively, the three-vector components of the mag-
netic field Bµ ≡ (4pi)−1/2F ∗µνnν as measured by the
Eulerian observer, as well as the conserved electron frac-
tion DYe. The Eulerian three-velocity is defined by
vi ≡ γ
i
µu
µ
−uµnµ =
ui
W
+
βi
α
, vi =
γiµu
µ
−uµnµ =
ui
W
, (13)
where
W ≡ −uµnµ = αu0 = 1√
1− v2 (14)
5 In this paper, Greek indices take space-time values 0–3,
whereas Roman indices represent the spatial components 1–3 only.
Repeated indices are summed over.
denotes the relative Lorentz factor between uµ and nµ,
with v2 ≡ γijvivj . For completeness, the comoving and
Eulerian magnetic field components are related by
bi =
Bi
W
+ b0(αvi − βi), bi = Bi
W
+ αb0vi (15)
and
b0 =
W
α
Bivi, b
2 = bµbµ =
B2 + (αb0)2
W 2
, (16)
where B2 ≡ BiBi. Furthermore,
p ≡ [ρ, vi, , Bi, Ye] (17)
summarizes the set of primitive variables. The fluxes
are given by
f (i)(p,q) ≡

Dv˜i
Sj v˜
i +
(
p+ b
2
2
)
δij − B
i
W bj
τ v˜i +
(
p+ b
2
2
)
vi − αb0BiW
v˜iBk − v˜kBi
DYev˜
i

(18)
and the sources by
s(p) ≡

0
Tµν(∂µgjν − Γδνµgδj) +WQvj
α(T 0µ∂µ lnα− TµνΓ0µν) +WQ
0k
Rmb

, (19)
where v˜i ≡ vi−βiα−1, and Γαβγ are the Christoffel sym-
bols constructed from gµν .
2.2. Neutrino leakage scheme
Weak interactions and neutrino transport determine
the source terms on the right-hand side of Eqs. (1) and
(3), and the terms apart from the geometrical source
terms in Eq. (7) (cf. Eq. (19)). For the present sim-
ulations, we employ an energy-averaged (gray) leak-
age scheme, which we have newly implemented into
GRHydro. Such leakage schemes are widely used in both
core-collapse supernova and compact-binary merger
simulations (e.g., van Riper & Lattimer 1981; Ruffert
et al. 1996; Rosswog & Liebendo¨rfer 2003; Sekiguchi
et al. 2011; Ott et al. 2013; Radice et al. 2016; Perego
et al. 2016). Our implementation closely follows the
one by Radice et al. (2016), which is based on Galeazzi
et al. (2013), which, in turn, builds on Ruffert et al.
(1996) and Bruenn (1985). We follow the procedure
discussed in Neilsen et al. (2014) to compute optical
depths, which is well suited for aspherical and complex
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geometries (such as that of an accretion disk). In the
following, we briefly outline some aspects of our leakage
scheme.
We specify the net neutrino heating/cooling rate per
unit volume in the rest frame of the fluid, Q, and the
net lepton emission/absorption rate per unit volume in
the rest frame of the fluid, R, (cf. Eqs. (1),(3), and
(19)) as a local balance of absorption and emission of
free-streaming neutrinos,
R =
∑
νi
κνinνi − (Reffνe −Reffν¯e ) (20)
and
Q =
∑
νi
κνinνiEνi −
∑
νi
Qeffνi . (21)
Here νi = {νe, ν¯e, νx}, where νe denotes electron neutri-
nos, ν¯e denotes electron antineutrinos, and the heavy-
lepton neutrinos νµ and ντ are collectively labeled as
νx. Furthermore, κνi , nνi , and Eνi , denote the cor-
responding absorption opacities, number densities, and
mean energies of the free-streaming neutrinos in the rest
frame of the fluid, respectively. Finally, Reffνe , R
eff
ν¯e , and
Qeffνi , denote the corresponding effective number and en-
ergy emissivities in the rest frame of the fluid. For the
present simulations, we neglect neutrino absorption, as
the accretion disk simulated here remains optically thin
to all neutrino species at all times (cf. Siegel & Met-
zger 2017). Neutrino absorption is only expected to
appreciably change the outflow and disk dynamics for
significantly more massive accretion disks (Ferna´ndez &
Metzger 2013).
The effective emission/cooling rates Reffνi and Q
eff
νi take
effects of finite optical depth into account and are com-
puted from the intrinsic (free) emission rates Rνi and
Qνi by (cf. Eq. (B22) and (B23) of Ruffert et al. 1996)
Reffνi =
Rνi
1 +
tdiff,νi
tem,Rνi
, Qeffνi =
Qνi
1 +
tdiff,νi
tem,Qνi
. (22)
Here
tdiff,νi = Ddiffκ
−1
νi τ
2
νi (23)
denote the local diffusion timescales, where τνi are the
corresponding optical depths (see below), and Ddiff is a
diffusion normalization factor, which we set to Ddiff = 6
(O’Connor & Ott 2010). Furthermore,
tem,Rνi =
Rνi
nνi
, tem,Qνi =
Qνi
eνi
(24)
are the local neutrino number and energy emission
timescales, where eνi refers to the neutrino energy den-
sities and
Rνi = δνi,νeR
β
νe + δνi,ν¯eR
β
ν¯e +R
ee
νi +R
γ
νi , (25)
Qνi = δνi,νeQ
β
νe + δνi,ν¯eQ
β
ν¯e +Q
ee
νi +Q
γ
νi (26)
(cf. Eqs. (B18)–(B21) of Ruffert et al. 1996). The emis-
sion rates Rβνi and Q
β
νi , R
ee
νi and Q
ee
νi , and R
γ
νi and Q
γ
νi
are computed as in Galeazzi et al. (2013) and reflect the
contributing neutrino emission mechanisms we consider.
These are, respectively,
(i) charged current β-processes,
e− + p→ n+ νe, (27)
e+ + n→ p+ ν¯e, (28)
the strongest neutrino emission mechanism in hot
and dense nuclear matter;
(ii) electron–positron pair annihilation,
e− + e+ → νe + ν¯e, (29)
e− + e+ → νx + ν¯x, (30)
which is most relevant in nondegenerate nuclear
matter at low densities and high temperatures;
and
(iii) plasmon decay,
γ → νe + ν¯e, (31)
γ → νx + ν¯x, (32)
which is efficient at intermediate densities and high
temperatures.
2.2.1. Calculation of opacities
The neutrino opacities κνi introduced above may be
subdivided into contributions from absorption and scat-
tering,
κνi = κνi,abs + κνi,scat, (33)
where
(i) κνi,abs refers to absorption of electron and anti-
electron neutrinos only,
νe + n→ p+ e−, (34)
ν¯e + p→ n+ e+; (35)
and
(ii) κνi,scat refers to coherent scattering on heavy nu-
clei A and scattering on free nucleons,
νi +A→ νi +A, (36)
ν¯i +A→ ν¯i +A, (37)
νi + [n, p]→ νi + [n, p], (38)
ν¯i + [n, p]→ ν¯i + [n, p]. (39)
The absorption and scattering opacities for these pro-
cesses are computed as in Galeazzi et al. (2013).
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2.2.2. Calculation of optical depths
We reduce the nonlocal computation of optical depths
τνi to an effective local problem by applying the method
described in Neilsen et al. (2014), which is well suited for
aspherical geometries such as an accretion disk. Global
integrations are avoided by decomposing the optical
depth at a given grid point into the optical depth to
any neighboring point plus the already computed opti-
cal depth τνi,neigh at the neighboring point, which we
compute as
τνi,neigh + κ¯νi(γ¯abdx
adxb)1/2, (40)
where dxa is the spatial coordinate distance vector be-
tween the two points, and κ¯νi and γ¯ab denote the opac-
ities and components of the spatial metric averaged be-
tween the two neighboring points. We define the optical
depth at a given grid point as the minimum over all ex-
pressions (Equation (40)) computed for all neighboring
points.
2.3. Recovery of primitive variables
Conservative GRMHD schemes evolve the conserved
variables q (cf. Eq. (7)). This involves computing the
flux terms f (i)(p,q) and source terms s(p) for a given
q, which requires us to obtain the primitive variables p
from the conserved ones. While the conservative vari-
ables as a function of primitive variables, q = q(p), are
given in analytic form by Eqs. (9)–(16), the inverse re-
lation, p = p(q), i.e., the recovery of primitive variables
from conservative ones, is not known in closed form;
this instead requires numerical inversion of the afore-
mentioned set of nonlinear equations.
We have implemented a new framework for the recov-
ery of primitive variables in GRHydro that provides sup-
port for any composition-dependent, finite-temperature
(three-parameter) EOS, as well as a recovery scheme
based on a three-dimensional Newton–Raphson solver
using Eqs. (21),(22), and (28) in Cerda´-Dura´n et al.
(2008). We find that this scheme has particularly fast
convergence properties as compared to other schemes,
typically involving a minimum of EOS calls (Siegel et al.
2018; Siegel & Mo¨sta 20186). The latter fact is of par-
ticular importance for three-parameter EOS, as most
such EOSs are provided in the form of multidimensional
tables, and table lookups can become computationally
expensive. Furthermore, its ability to recover strongly
magnetized regions is important for evolving low-density
magnetized disk winds, as in the present simulation.
2.4. Helmholtz EOS
We base the microphysical description of matter at
the relatively low densities and temperatures of our
present simulation on the Helmholtz EOS (Timmes &
6 Codebase: https://doi.org/10.5281/zenodo.1213306
Arnett 1999; Timmes & Swesty 2000), which we have
newly implemented into GRHydro. Nuclear-reaction net-
works such as SkyNet (Lippuner & Roberts 2017), which
we employ for calculating r-process abundance yields,
also use the Helmholtz EOS, which is how we mini-
mize thermodynamical inconsistencies between the sim-
ulation and subsequent postprocessing to obtain nucle-
osynthesis abundance yields.
The Helmholtz EOS is formulated in terms of a
Helmholtz free energy, which takes into account contri-
butions from nuclei (treated as ideal gas) with Coulomb
corrections, electrons and positrons with an arbitrary
degree of relativity and degeneracy, and photons in local
thermodynamic equilibrium. As nuclei in the present
simulation, we consider free neutrons and protons, as
well as α-particles. We have modified the Helmholtz
EOS to include the nuclear binding energy release from
α-particle formation. We compute the abundances of
nuclei at given (ρ, T , Ye) assuming nuclear statistical
equilibrium (NSE), i.e., by numerically solving the Saha
equation supplemented with baryon number and charge
conservation,
n2pn
2
n = 2nα
(
mbkBT
2pi~2
)9/2
exp(−Qα/kBT ), (41)
nb =nn + np + 4nα, (42)
nbYe =np + 2nα. (43)
Here kB is the Boltzmann constant, ~ is the reduced
Planck constant, Qα ' 28.3 MeV is the nuclear binding
energy of an α-particle, and nn, np, and nα denote the
number densities of neutrons, protons, and α-particles,
respectively. We also include additional terms to the
thermodynamical derivatives that arise from composi-
tional changes with respect to (ρ, T , Ye), i.e., from
the fact that ∂nn/∂ρ, ∂nn/∂T , ∂nn/∂Ye etc. from
Eqs. (41)–(43) are nonzero. These additional terms can
be important to the evolution code, as, e.g., the Rie-
mann solver can depend on thermodynamic derivatives
through the sound speed.
3. INITIAL DATA AND GRID SETUP
We start our long-term disk simulation from an ax-
isymmetric equilibrium torus around a rotating BH of
mass MBH = 3M with dimensionless spin χBH =
0.8, computed in horizon-penetrating Kerr–Schild co-
ordinates (Kerr 1963). We assume a constant specific
angular momentum and a small constant specific en-
tropy of 8 kB per baryon. Under these assumptions,
the GR Euler equations reduce to inverting the specific
enthalpy given by (Stergioulas 2011; Friedman & Ster-
gioulas 2013)
hu0 = const., (44)
in order to find all other thermodynamic variables, in-
cluding density and temperature. Here the right-hand
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Table 1. Initial data: BH–Torus configuration with (from
left to right) BH mass and dimensionless spin, torus mass,
radius at maximum density, specific entropy, electron frac-
tion, and maximum magnetic field strength.
MBH χBH Mt0 R0 s0 Ye0 Bmax
(M) (M) (km) (kB/b) (G)
3.00 0.8 0.03 30 8 0.1 3.3× 1014
side is an arbitrary integration constant and u0 is en-
tirely determined by the metric components of the Kerr–
Schild metric. In numerically inverting Eq. (44), we as-
sume a constant initial electron fraction Ye = 0.1 and a
torus mass of Mt0 = 0.03M, with a location of maxi-
mum density at R0 = 30 km [6.7MBH] (see also Tab. 1);
the inner and outer radii of the torus are located at
Rin,0 = 18 km [4MBH] and Rout,0 = 106 km [24MBH].
We endow the equilibrium torus with a weak initial
magnetic seed field, confined to the interior of the torus
and defined by the vector potential with components
Ar = Aθ = 0 and Aφ = Ab max{p − pcut, 0}. Here
pcut = 1.3 × 10−2pmax, where pmax is the pressure at
maximum density in the torus; tuning Ab, we set the
initial field strength such that the maximum magnetic-
to-fluid pressure ratio in the torus is pB/pf < 5× 10−3,
where pB = b
2/2; this ratio corresponds to a maximum
initial magnetic field strength of 3.3× 1014 G.
The initial parameters of the BH and torus corre-
spond to those of a typical NS merger remnant. The BH
spins resulting from NS–NS mergers leading to prompt
BH formation are typically χBH ≈ 0.8 (Kiuchi et al.
2009; Rezzolla et al. 2010; Bernuzzi et al. 2014) and
cannot be significantly larger (Kastaun et al. 2013);
the case of delayed BH formation is typically not much
smaller, χBH . 0.7 (Sekiguchi et al. 2016). Furthermore,
χBH ∼ 0.8 is a reasonable estimate of the spin of the BH
in a BH–NS merger in cases when the NS is tidally dis-
rupted and thus able to form a massive torus (Foucart
2012). The initial torus mass we adopt is also fairly typ-
ical of NS mergers (e.g., Hotokezaka et al. 2011; Foucart
et al. 2017). Furthermore, we have chosen the initial pa-
rameters in such a way that (i) the setup is very similar
to previous 2D Newtonian simulations (Ferna´ndez et al.
2015) and (ii) the resulting configuration after relaxation
and having reached a saturated MRI state (see Sec. 4.1)
closely resembles the properties of early post-merger ac-
cretion disks obtained from magnetized NS–NS merger
simulations such as, e.g., Ciolfi et al. (2017).
The initial torus is embedded in a tenuous atmo-
sphere of uniform density ρ = 37 g cm3, temperature
T = 105 K, and electron fraction Ye = 1. Both the den-
sity and temperature of the atmosphere are sufficiently
low to influence neither the dynamics nor the composi-
tion of the disk outflows. This density value translates
into a total atmosphere mass on the entire computa-
tional domain of 6.7 × 10−5M (and 7.8 × 10−8M
over the volume with radius 1000 km, at which we eval-
uate bound vs. unbound outflow), which is safely orders
of magnitude smaller than the total ejecta mass in the
disk outflows. Furthermore, at T = 105 K, the material
is sufficiently cold that weak interactions are completely
frozen out.
The computational domain consists of a Cartesian
grid hierarchy with the BH at the center, embedded in
eight refinement levels extending out to 1.53 × 109 cm
in all coordinate directions. The initial torus is entirely
contained by the finest refinement level, which has a di-
ameter of 240 km with a resolution of ∆xyz = 856 m,
which corresponds to ∆xyz/MBH ' 0.19. The simula-
tions are performed in full 3D without symmetries.
4. DISK EVOLUTION
A brief description of the disk evolution corresponding
to the initial data described above was already provided
in Siegel & Metzger (2017). Here we present a more
detailed analysis of the evolution and address some gen-
eral properties of neutrino-cooled accretion disks for the
first time in GRMHD. In particular, we describe the
initial transient phase in which we witness the onset of
MHD turbulence and describe how a steady turbulent
state is achieved (Sec. 4.1); we demonstrate the exis-
tence of a self-regulation mechanism to mild electron
degeneracy in the inner parts of the disk, which ensures
neutron-rich outflows and the production of third-peak
r-process elements (Sec. 4.3); and we present direct ev-
idence for a fully operational magnetic dynamo in the
disk in the presence of neutrino cooling and discuss the
physical processes that generate winds in the hot disk
corona (Sec. 4.4). Finally, we discuss the global struc-
ture and long-term evolution of the disk (Sec. 4.5) and
the characteristics of its neutrino radiation (Sec. 4.6).
4.1. Onset of MHD turbulence and its steady state
Magnetic stresses generated by turbulence mediate
angular momentum transport and energy dissipation in
accretion disks around compact objects. Turbulence is
thought to be generated in this context by the MRI,
which refers to certain exponentially growing modes that
can develop in differentially rotating magnetized flu-
ids (e.g., Velikhov 1959; Chandrasekhar 1960; Balbus &
Hawley 1991, 1998; Balbus 2003; Armitage 2011). The
MRI is a local instability, the growth of which is domi-
nated by a fastest-growing MRI mode; in GRMHD, its
wavelength can be estimated by (Siegel et al. 2013; Ki-
uchi et al. 2015b, 2017)
λMRI ' 2pi
Ω
b√
4piρh+ b2
, (45)
where Ω = uφ/u0 is the angular frequency and b ≡
√
b2.
The MRI is typically well resolved when λMRI is numer-
ically resolved by at least 10 grid points and partially
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Figure 1. Number of grid points per fastest-growing MRI
wavelength λMRI in the meridional plane at t = 0 ms (top),
at t = 1.1 ms (center), and at t = 20 ms (bottom). Also
shown are the contours of the rest-mass density at ρ =
[107, 108, 109, 1010, 1011] g cm−3.
resolved with more than ∼ 5 grid points (e.g., Siegel
et al. 2013; Kiuchi et al. 2015b).
At t = 0 ms, λMRI is only resolved by ∼5 grid points
in the high-density region of the initial torus (cf. Fig. 1,
top panel). Within ≈ 1 ms, however, by initial re-
laxation and magnetic winding, the high-density part
(∼ 1010 − 1011 g cm−3) of the torus rapidly enters a
regime in which λMRI is resolved by 10 or more grid
points (cf. Fig. 1, center panel). Indeed, starting at
≈ 1 ms, we witness the onset of magnetic field ampli-
fication in the poloidal field at the expected rate for the
MRI ∝ exp(t/τMRI), where (Siegel et al. 2013)
τMRI ' 1
Ω
(46)
until saturation (cf. Fig. 2, top panel); the onset of the
instability leads to a total amplification by roughly 1.5
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Figure 2. Maximum poloidal (top), toroidal (center), and
total (bottom) magnetic field strength in the xy and xz
planes during the early transient phase of the disk evolu-
tion. The dashed line indicates the expected exponential
magnetic field growth due to the MRI for typical parameters
at maximum density in the disk.
orders of magnitude for the maximum poloidal magnetic
field strength.
As we start with a purely poloidal magnetic field con-
figuration, the toroidal magnetic field component first
needs to be amplified by magnetic winding in order for
the grid setup to resolve the MRI in the toroidal field.
For the maximum toroidal magnetic field strength, this
initial amplification process by magnetic winding takes
a few ms (Fig. 2, center panel) and slightly longer for
other parts of the disk that start with smaller poloidal
field strengths. Combined amplification by winding and
the MRI leads to an overall increase of almost two or-
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Figure 3. Magnetic field strength B and the magnetic-to-
fluid pressure ratio pB/pf in the meridional (top) and equa-
torial (bottom) plane at t = 20 ms, when the disk has reached
a quasi-stationary state. Contours refer to rest-mass density
at ρ = [107, 108, 109, 1010, 1011] g cm−3.
ders of magnitude in the maximum total magnetic field
strength within the first ≈ 5 − 10 ms (Fig. 2, bottom
panel).
By t = 20 ms, the disk has reached a quasi-stationary
state, in which λMRI is typically resolved by 10 or more
grid points (Fig. 1, bottom panel). The MRI remains
resolved in this way throughout the torus for the rest
of the simulation, although properly resolving the MRI
very close to the BH is a challenging task with current
computational resources; close to the BH, we do not re-
solve the MRI with > 10 grid points at all times and
spatial points. However, we do not expect that this ap-
preciably affects our results for the quantity and com-
position of the disk outflows, since these are typically
generated on larger spatial scales (see, e.g., Sec. 4.4).
The quasi-stationary state reached at t = 20 ms and
depicted in Fig. 1 (bottom panel) and Fig. 3 is very sim-
ilar to the very early state of accretion disks obtained
in recent NS–NS merger simulations. In particular, the
typical magnetic field strengths of up to ∼ 1015 G close
to the BH and the disk midplane, as well as the typ-
ical magnetic-to-fluid pressure ratios of ∼ 10−3 − 10−1
(cf. Fig. 3), were also obtained by Kiuchi et al. (2015b)
and Ciolfi et al. (2017). This state at t = 20 ms serves as
initial data for the rest of the simulation, and all matter
accreted onto the BH or ejected from the disk during the
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Figure 4. Landau-level quantization: temperature in units
of the critical temperature TB and rest-mass density in units
of the critical rest-mass density ρB (see text) in the merid-
ional (top) and equatorial (bottom) plane at t = 20 ms,
when the disk has reached a quasi-stationary state. Also
shown are the contours of the rest-mass density at ρ =
[107, 108, 109, 1010, 1011] g cm−3. Since either ρ  ρB or
T & TB , the effects of Landau-level quantization are not
important.
relaxation phase t < 20 ms is discarded from all further
analysis.
4.2. Landau-level quantization
Strong magnetic fields ∼ 1015 − 1016 G (cf. Fig. 3)
can potentially modify the EOS and the neutrino emis-
sion and absorption rates (Eqs. (27)–(30) and (34)–(35))
through the quantization of energy levels for electrons
and positrons and their motion perpendicular to the
magnetic field (Lai & Qian 1998; Duan & Qian 2004,
2005). Such effects of Landau-level quantization may
become relevant for densities below a critical density
(Haensel et al. 2007; Harding & Lai 2006; Kiuchi et al.
2015a)
ρB = 2.23× 109
(
Ye
0.1
)−1(
B
1015G
)3/2
g cm−3 (47)
and/or below a critical temperature TB (Harding & Lai
2006)
TB =

mec
2
kB
(√
2B
BQ
+ 1− 1
)
, ρ ≤ ρB
~ωc
kB
(1 + x2F )
−1/2, ρ ρB
. (48)
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Here me is the electron mass, c is the speed of light, ωc =
eB/mec is the cyclotron frequency, xF = ~(3pi2Yeρ)1/3
is the normalized relativistic Fermi momentum, and
BQ = 4.414× 1013 G is the critical QED magnetic field
strength.
Figure 4 shows that, typically, ρ ρB and T & TB in
the disk. Consequently, many Landau levels are popu-
lated, and their thermal widths are larger than the level
spacing, such that the magnetic field is nonquantizing.
In the polar funnel, ρ  ρB , but still T & TB , such
that, again, the magnetic field has a nonquantizing ef-
fect. Since the disk remains in this state throughout
the entire simulation, we conclude that the effects of
Landau-level quantization are not important for the disk
evolution.
4.3. Disk self-regulation
In the neutron-rich environment of the post-merger
accretion disk, one might naively expect positron cap-
tures onto neutrons, e+ + n → p + ν¯e (Eq. (28)), to
be favored over electron captures (Eq. (27)), such that
the disk matter would protonize over viscous timescales
of hundreds of ms, raising the proton/electron fraction
Ye (e.g. Metzger et al. 2009). This effect is indeed ev-
ident from Fig. 5 in some portions of the disk. How-
ever, a monotonic rise of Ye in the disk midplane raises
the question of how outflows from the disk can remain
sufficiently neutron-rich to synthesize heavy r-process
elements, even at late times in the disk evolution. As
we now describe, the reason is the existence of a self-
regulation mechanism in the inner parts of the disk,
which keeps a reservoir of neutron-rich material that is
continuously fed into the outflows.
Once the disk has reached a quasi-stationary state
(cf. Sec. 4.1 and 4.4), it regulates itself to mild electron
degeneracy, which, in the presence of optically thin neu-
trino cooling, results in a low Ye state (Ye ∼ 0.1).7 This
mechanism has been noted in the context of 1D mod-
els of neutrino-cooled accretion disks on analytical and
semi-analytical grounds (Kawanaka & Mineshige 2007;
Chen & Beloborodov 2007; Metzger et al. 2009), and the
first evidence of self-regulation in a full 3D GRMHD sim-
ulation has been presented in Siegel & Metzger (2017).
Here we elaborate on these results and discuss the mech-
anism in somewhat more detail; the existence of this
mechanism is important for the generation of neutron-
rich outflows from the disk (Sec. 4.4), their r-process
nucleosynthesis yields (Sec. 5), and the resulting ther-
mal emission (KN).
7 For more massive tori than those we consider here, neutrinos
can be “trapped” in the flow (such that the neutrino diffusion
timescale out of the torus exceeds the accretion timescale), and
this can result in a somewhat higher midplane electron fraction
than that for disks in which neutrinos are free to escape (e.g. Di
Matteo et al. 2002; Beloborodov 2003).
In the hot and dense accretion disk, the number den-
sities of electrons and positrons (e±) in thermodynamic
equilibrium with the baryonic matter are given by
n± =
(mec)
3
pi2~3
∫ ∞
1
f±(E, T, µ)E
√
E2 − 1 dE, (49)
where E is the relativistic particle energy in units of
mec
2. Here f± is the Fermi-Dirac function,
f±(E, T, µ) =
1
exp[(E ± µ)/Θ] + 1 , (50)
where Θ = kBT/mec
2 and µ ≡ µ− = −µ+ is the electron
chemical potential in units of mec
2. Charge neutrality
requires that
n− − n+ = Yenb, (51)
which, together with Eq. (49), determines µ and n± at
a given thermodynamic state (ρ, T, Ye). For degenerate
relativistic matter (µ/Θ  1), using the Sommerfeld
expansion of Eq. (49) in terms of µ/Θ, one can show
that the temperature dependence of µ is approximately
given by (see Appendix A)√
µ2 − 1 =
√
E2F − 1
(
1− pi
2
6
Θ2
E2F − 1
)
, (52)
where EF ≡ µ(T = 0) is the Fermi energy. Furthermore,
for degenerate matter, free e± pairs can only be obtained
from around the Fermi edge E ' µ with width ∆E '
4 Θ, which is very narrow (∆E/E ' 4Θ/µ  1); from
Eq. (49), one finds that for µ/Θ 1, E ' µ,
n+
n−
∝ exp(−2µ/Θ), (53)
i.e., e± creation is heavily suppressed. Higher elec-
tron degeneracy η ≡ µ/Θ results in less electrons and
positrons (cf. Eqs. (49) and (53)). This decreases the
neutrino emission via charged-current interactions and
pair annihilation (cf. Eqs. (27)–(30)); i.e., it results in
a lower cooling rate and higher temperatures. Higher
temperatures, in turn, decrease µ (cf. Eq. (52)) and thus
increase the degeneracy, i.e., η. Because of this negative
feedback loop, whenever the disk enters the (strongly)
degenerate regime, it will tend to self-regulate its degen-
eracy and maintain a state of mild electron degeneracy
η ∼ 1. Indeed, as shown by Fig. 5, soon after reach-
ing the quasi-stationary state, the disk has regulated
itself to mild degeneracy η ∼ 1 in the inner parts of the
disk in which neutrino cooling is energetically important
(r . 60 km or r . 14 gravitational radii) and qualita-
tively remains in this state throughout the remainder of
the simulation.
In the hot and dense matter of the inner parts of the
disk, electron and positron capture (cf. Eqs. (27) and
(28)) are the dominant cooling reactions. The equilib-
rium Ye that results from conditions of mild degeneracy
Neutrino-cooled accretion disks from neutron star mergers 11
100 50 0 50 100
x [km]
100
50
0
50
100
y
[k
m
]
100 50 0 50 100
x [km]
100
50
0
50
100
y
[k
m
]
100 50 0 50 100
x [km]
100
50
0
50
100
y
[k
m
]
0.03
0.06
0.09
0.12
0.15
0.18
0.21
0.24
0.27
Y
e
2.0
1.5
1.0
0.5
0.0
0.5
1.0
1.5
2.0
lo
g
(η
)
Figure 5. Electron fraction Ye and normalized electron chemical potential η = µ/Θ at t = 43 ms (left), t = 130 ms (center),
and t = 250 ms (right), showing a mildly degenerate state and low Ye in the inner parts of the disk as a result of self-regulation
(Sec. 4.3).
in this neutrino-transparent matter is then determined
by equal rates of e± capture,
n˙e−p = n˙e+n; (54)
i.e., Eqs. (49), (51), and (54) determine Ye for a given ρ
and T . For mild degeneracy η & 1, one can show that
from Eq. (54), the equilibrium Ye is approximately given
by (Beloborodov 2003)
Ye = 0.5 +
7pi4
1350ζ(5)
(
Q
2Θ
− η
)
(55)
= 0.5 + 0.487
(
1.2655
Θ
− η
)
, (56)
where ζ is the Riemann ζ-function and Q = (mn −
mp)/me = 2.531 is the neutron–proton mass difference
in units of the electron mass. A very mild electron de-
generacy η ' 1 in hot matter Θ ≈ 1 is therefore sufficient
to generate conditions of neutron richness Ye < 0.5. For
the hot Θ & 1 and mildly degenerate conditions η & 1
of the inner parts of the disk, the resulting neutron rich-
ness adjusts to an equilibrium value of typically Ye ∼ 0.1
or lower (see Fig. 5).
The presence of this self-regulation mechanism to mild
electron degeneracy, which implies a low Ye ∼ 0.1,
is important to allow for the generation of neutron-
rich outflows that can undergo r-process nucleosynthesis
(Secs. 4.4 and 5). It forces the disk to keep a reservoir of
neutron-rich material despite the ongoing protonization
process in the rest of the disk—neutron-rich material
that is continuously fed into the outflows to keep the
overall mean electron fraction Y¯e of the outflow rather
low over the lifetime of the disk (Y¯e ∼ 0.2, see Tab. II of
Siegel & Metzger 2017 and Sec. 5.2). This results in the
possibility of generating a robust second-to-third-peak
r-process (cf. Sec. 5) and thus the production of a sig-
nificant amount of lanthanide material in the outflow.
Due to its high opacity, this material can then produce
a red KN, as observed in the recent GW170817 event.
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Figure 6. Evolution of the density-averaged ratio of the
electromagnetic to internal energy (red) and of the magnetic-
to-fluid pressure ratio (blue), indicating a steady turbulent
state of the disk.
4.4. Magnetic dynamo, disk corona, and generation of
outflows
Magnetic stresses generated by MHD turbulence via
the MRI mediate angular momentum transport and thus
energy dissipation in the disk. Turbulence also dissi-
pates magnetic energy, which, however, is regenerated
through a dynamo (e.g., Parker 1955; Brandenburg et al.
1995). The balance of the two processes results in a sat-
urated steady turbulent, quasi-equilibrium state, which
is characterized by a roughly constant ratio of magnetic
to internal energy in the disk.
Figure 6 shows the temporal evolution of the density-
averaged ratio of electromagnetic to internal energy
〈eEM/eint〉Dˆ and of the magnetic-to-fluid pressure ra-
tio 〈pB/pf〉Dˆ, which are indeed indicative of a disk in a
steady turbulent state. We define the rest-mass density
average of a quantity χ by
〈χ〉Dˆ ≡
∫
χDˆd3x∫
Dˆd3x
, (57)
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Figure 7. Spacetime diagrams of the y-component of the magnetic field (top), the specific entropy (center), and the effective
electron neutrino energy emission rate per volume (bottom; representative of neutrino cooling), radially averaged between 30
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where Dˆ =
√
γρW is the conserved rest-mass density
(cf. Eqs. (7)–(9)).8 Following Duez et al. (2006), we
define the total internal energy
Eint ≡
∫
ρW
√
γd3x (58)
and the total electromagnetic energy
EEM ≡
∫
nµnνT
µν
EM
√
γd3x, (59)
where TµνEM is the electromagnetic part of the energy–
momentum tensor. We thus define the local ratio of
electromagnetic to internal energy by
eEM
eint
≡ nµnνT
µν
EM
ρW
. (60)
8 Here and in the following, spatial integrals refer to the entire
simulation domain, excluding the interior of the BH horizon.
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Figure 9. Representative tracer particles: specific inter-
nal energy (top) and Bernoulli criterion for unboundedness
and corresponding asymptotic escape velocity (bottom) as a
function of radial coordinate distance from the BH. Verti-
cal dashed lines mark the corresponding radii at which 50%
of the total α-particle production along the trajectory has
been accomplished, i.e., the last time where the α-particle
mass fraction Xα = 0.5Xα,max, where Xα,max = 2Ye,max,
with Ye,max being the maximum electron fraction along the
particle trajectory.
Figure 6 shows that for t > 20 ms, this ratio remains
roughly constant in a time-averaged sense and thus indi-
cates that a steady turbulent state of the disk is indeed
achieved and maintained. Furthermore, Fig. 6 shows
that 〈
pB
pf
〉
Dˆ
' 0.1, (61)
which is also characteristic of such a steady turbulent
state (e.g., Jiang et al. 2014b; Sa¸dowski et al. 2015).
This ratio in the nonlinear saturated state is much larger
than the initial value of pB/pf < 5×10−3 (cf. Sec. 3 and
Tab. 1).
The 3D nature of our disk simulation is crucial for
generating a steady turbulent state. Due to the antidy-
namo theorem (Cowling 1933), magnetic fields cannot
be regenerated by dynamo action in axisymmetry, and
a steady turbulent state cannot thus be maintained.
Direct evidence for dynamo action in our disk simula-
tion is depicted in the top panel of Fig. 7, which shows a
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spacetime diagram of the radially averaged y-component
of the magnetic field in the x-z plane. This “butterfly”
diagram clearly indicates the presence of magnetic cy-
cles with a period of roughly ∼ 20 ms throughout the
entire simulation time domain. In the disk midplane,
magnetic fields of temporally alternating polarity are
generated by MHD turbulence. These fields slowly mi-
grate off the midplane by magnetic pressure gradients
and buoyancy, where they are gradually dissipated into
heat. This migration and dissipation of magnetic energy
contributes to establishing a “hot” corona above and be-
low the midplane, as indicated by the middle panel of
Fig. 7. This spacetime diagram of the specific entropy
shows strongly increasing specific entropies off the mid-
plane where magnetic field strengths decrease. We note
that the temperature, however, decreases as a function
of height off the midplane. Therefore, the production of
high-energy nonthermal neutrinos in the corona by up-
scattering of thermal neutrinos emitted from the mid-
plane (cf. bottom panel of Fig. 7) is not expected.9
In the hot corona, powerful outflows are generated.
In these regions of lower density, viscous heating from
MHD turbulence and dissipation of magnetic energy ex-
ceeds cooling by neutrino emission, which is strongest
in the disk midplane (cf. Fig. 7, bottom panel). This
heating-cooling imbalance results in launching neutron-
rich winds from the disk. Above and below the mid-
plane, the neutrino emissivities decrease as functions of
“height” |z|, and the weak interactions (and thus Ye)
essentially “freeze out”; however, further mixing in the
(initially turbulent) outflows can still change Ye.
The outflows are tracked by 104 passive tracer parti-
cles that are advected with the plasma. These tracer
particles are of equal mass, placed within the initial
torus at t = 0 ms with a probability proportional to
the conserved rest-mass density Dˆ =
√
γρW . We dis-
tinguish between total outflow, defined as the entity of
all tracer particles that have reached a radial coordinate
distance of 103 km from the center of the BH by the
end of the simulation, and unbound outflow, or ejecta,
defined as the entity of tracer particles that are addi-
tionally unbound according to the Bernoulli criterion
−hu0 > 1 (nonvanishing escape velocity at infinity).
Outflows are generated over a wide range of radii.
This is illustrated by the top panel of Fig. 8, which shows
mass histograms of the outflow tracer particles in terms
of their cylindrical coordinate radii$ =
√
x2 + y2 at the
time of ejection from the disk, $ej ≡ $(t = tej). We de-
fine the time of ejection from the disk or corona t = tej as
the time after which the radial coordinate position of a
9 Furthermore, the production of high-energy nonthermal neu-
trinos by electron–positron pair annihilation in the corona is also
not expected, as thermalization processes (e.g., Coulomb scatter-
ing) are extremely rapid, which would suppress any nonthermal
electron tail above the mean temperature.
tracer particle r =
√
x2 + y2 + z2 only increases mono-
tonically with time. The total outflow shows a broad
distribution with significant mass being ejected between
$ej ≈ 20 km and $ej > 600 km from the BH. However,
we find that mass ejection is most efficient in a narrower
range of ejection radii, as indicated by the histogram of
unbound matter, the latter being ejected essentially in
the range $ej ≈ 100− 400 km from the BH.
Matter is typically unbound by recombination into α-
particles. The imbalance of heating and cooling in the
hot corona, as mentioned above, lifts material in the BH
potential but typically only leads to marginally bound or
marginally unbound outflows. Subsequent nuclear bind-
ing energy release from recombination of free nucleons
into α-particles rapidly generates specific enthalpy as
matter approaches the recombination temperature and
immediately “unbinds” the material; this is shown in
Fig. 9 for a few representative tracer particles. A spike
in the specific enthalpy h is created by internal energy
that becomes available during the recombination pro-
cess (7 MeV per baryon per α-particle produced) plus
the resulting pressure increase in a low-density environ-
ment. For a stationary relativistic fluid flow (isentropic,
constant specific angular momentum), hu0 is constant
along a fluid world line (Eq. (44)). As the material
moves away from the disk, the outflows cool (h → 1)
and specific enthalpy is converted into kinetic energy
keeping hu0 constant, which sets the asymptotic escape
velocity.
The bottom panel of Fig. 8 shows the distribution
of kinetic energy of the unbound and total outflows in
terms of their outflow velocities. We characterize the
outflow by two velocities: v1000km, the velocity at a co-
ordinate distance r = 103 km from the BH, and v∞,
the corresponding asymptotic escape velocity when the
conversion of internal energy to kinetic energy has been
completed. Here v∞ is computed from the correspond-
ing asymptotic Lorentz factor W∞ ≡ −hu0, where hu0
is evaluated either when the tracer particle leaves the
computational domain or at the final time of the simu-
lation if it stays inside the computational domain for
the entire simulation time. Unbound and total out-
flows have similar velocity distributions in the range
v1000km ≈ (0.03 − 0.15)c. The kinetic energy-weighted
mean outflow velocities v¯1000km ≡
√
2Ekin,tot/Mej are
0.063c and 0.058 for unbound and total outflow, re-
spectively. Here Ekin,tot denotes the total kinetic en-
ergy in the outflow type, and Mej is the total mass
of the outflow type. The asymptotic kinetic energy
distribution of the unbound outflow, however, shows
v∞ ≈ (0.04 − 0.25)c, with a higher kinetic energy-
weighted mean of v¯∞ = 0.094c ≈ 0.1c.
Though not included in our simulations, the outflows
will receive additional nuclear heating from the r-process
on larger radial scales of ≈ 2−3 MeV per nucleon (Met-
zger et al. 2010a), which will boost its speed by an ad-
ditional ≈ 10 − 20%. We note that v¯∞ of the unbound
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Figure 10. Density scale height of the disk at different times
during the evolution.
outflow corresponds to the kinetic energy-averaged value
vKN ≈ 0.1c, similar to that required to explain the red
KN component observed in the recent GW170817 event
(e.g. Chornock et al. 2017; Villar et al. 2017).
The total unbound mass from the disk at the end of
the simulation amounts to ≈ 20% of its initial value.
However, the true total ejecta mass, including late times
after the simulation has terminated, is likely to be
roughly twice as great, as estimated in greater detail
in the following subsection. Additional properties of the
outflow are summarized in Siegel & Metzger (2017).
4.5. Global disk structure and long-term evolution
The global disk structure as characterized by the ra-
dial profile of the vertical density scale height is shown
in Fig. 10. We define the scale height according to
zH($) ≡ 〈|z|〉Dˆ,cyl, (62)
where
〈χ〉Dˆ,cyl ≡
∫ ∫ 2pi
0
χDˆ$dφdz∫ ∫ 2pi
0
Dˆ$dφdz
(63)
is the rest-mass density average of a quantity χ over az-
imuthal angle φ and height z as a function of the cylin-
drical coordinate radius $.
At large radii, $ & 250 km, the disk remains geomet-
rically thick at all times, with a density scale height of
zH/$ & 0.4− 1. This is because neutrino cooling is
always inefficient in these low-density regions, as illus-
trated by the radial profile of the density-averaged elec-
tron neutrino emission rate 〈Qeffνe 〉Dˆ,cyl in Fig. 11. At
late times, t > 200 ms, the density scale height zH/$
exceeds unity in the radial region $ ≈ 100 − 300 km,
which is due to the outflows being efficiently generated
at these radii (see Sec. 4.4, Fig. 8). The thickening of the
disk as the accretion drops and the concomitant genera-
tion of outflows was predicted by 1D (height-integrated)
models (Metzger et al. 2008a, 2009).
The disk becomes thinner at smaller radii, starting
at the characteristic radius $α, where α-particles disso-
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Figure 11. Density-averaged radial profiles of (top to bot-
tom) the electron neutrino emissivity, electron fraction, and
α-particle mass fraction at different times during the evolu-
tion.
ciate into free nucleons. The α-dissociation consumes
7 MeV per nucleon, which acts to cool the accretion
flow and results in a geometrically thinner disk. This
radius is initially at $α ≈ 170 km and decreases to
$α ≈ 100 km by the end of the simulation, as indi-
cated by the radial profile of the density-averaged α-
particle mass fraction 〈Xα〉Dˆ,cyl (cf. Fig. 10 and the bot-
tom panel of Fig. 11).
At yet smaller radii, the accretion flow becomes geo-
metrically even thinner as the result of neutrino cooling,
with the density scale height zH/$ ∼ 0.1 close to the
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Figure 12. Top: accretion rate onto the BH as measured by
the mass flux through spherical coordinate surfaces with radii
12 and 15 km. Bottom: evolution of the density-averaged
cylindrical radius $ of the baryonic matter (cf. Eq. (57)),
indicating viscous spreading of the disk.
BH, $ / 70 km (cf. Fig. 10). This efficient neutrino
cooling begins interior to the so-called “ignition” radius
$ign < $α, which is defined as the location where the
neutrino-cooling timescale becomes less than the local
accretion timescale (Chen & Beloborodov 2007). This
radius typically coincides with the location at which the
energies of electrons and positrons become comparable
to the neutron–proton mass difference (mn−mp)c2, trig-
gering the onset of the efficient Urca cooling reactions
(Eqs. (27) and (28); see Fig. 11, top panel). The same
weak interactions typically result in further reduction in
the electron fraction Ye, due to the increased degeneracy
of the matter, as discussed in the previous subsection
(cf. Fig. 11, middle panel).
By the end of the simulation, the BH has accreted
≈ 60% of the initial torus mass. The BH accretion
rate as measured by the mass flux through spherical
coordinate detector surfaces is shown in Fig. 12 (top
panel). It decreases from ∼ 1Ms−1 at early times
to ∼ 10−4Ms−1 by the end of the simulation. This
leads to an essentially converged total accreted mass
onto the BH of ≈1.20× 10−2M or ≈0.59Mt,in. Here
Mt,in = 2.02 × 10−2M is the initial disk mass at
t = 20 ms, excluding all matter that is accreted onto the
BH or ejected from the disk during the initial relaxation
phase (cf. Sec. 4.1). As the accretion rate continues to
decrease as the disk viscously spreads outward (see be-
low), the total accreted disk mass is unlikely to increase
by a significant amount during the subsequent evolution.
The MHD turbulence mediates angular momentum
transport in the disk, which leads to accretion onto the
BH but also to viscous radial spreading of the disk. Evi-
dence for the latter effect is reported in the bottom panel
of Fig. 12, which shows that the density-averaged cylin-
drical radius 〈$〉Dˆ of matter in the simulation domain is
monotonically growing after the initial relaxation phase.
The same result is obtained when the disk corona and
winds are explicitly excluded from the integration, i.e.,
by only integrating up to the local density scale height
zH of the disk (Eq. (62)). However, equatorial winds
are not straightforward to distinguish from the disk it-
self and thus remain in the analysis either way.
About ≈ 40% of the initial disk mass is unbound
in outflows, which undergo r-process nucleosynthesis
(Sec. 5). By the end of the simulation, roughly ≈ 20%
of the initial disk mass has already been ejected from
the disk; i.e., it has reached > 1000 km and is unbound
(cf. Sec. 4.4 and Tab. II of Siegel & Metzger 2017). How-
ever, the disk is still producing steady winds by the end
of the simulation, which means the total unbound mass
is likely to become significantly higher. Even as the
disk dilutes with time and neutrino cooling becomes less
important, viscous heating will still continue to drive
winds. Furthermore, as the disk viscously spreads, ad-
ditional material is lifted out of the BH potential, also
aided by nuclear binding energy release from the for-
mation of α-particles and heavier nuclei as the material
cools. With the total accreted mass having already con-
verged, it is thus reasonable to assume that the remain-
ing disk mass by the end of the simulation will eventu-
ally be evaporated, leading to an estimated total ejected
mass of .0.4Mt,in.
4.6. Neutrino emission
The inner parts of the disk are sufficiently hot and
dense that neutrino emission becomes energetically im-
portant (cf. Fig. 11 and Sec. 4.5). In this section, we
discuss the characteristics of the neutrino radiation from
the disk, which will serve as input to our r-process nu-
cleosynthesis calculations presented in the next section.
We define the total neutrino luminosity for each neu-
trino species νi ∈ {νe, ν¯e, νx} according to (cf. Eqs. (19)
and (21))
Lνi =
∫
αWQeffνi α
√
γd3x, (64)
where an additional factor α is included to correct for
the gravitational redshift due to the BH potential. This
definition takes into account the effects of finite optical
depth; i.e., it is based on the effective energy emission
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Figure 13. Characteristics of neutrino emission from the
disk (top to bottom): total neutrino luminosity, mean neu-
trino temperature, and characteristic radii of neutrino emis-
sion (see the text). After the end of the simulation (t =
381 ms), quantities are extrapolated by power laws fit to the
late-time simulation data.
rates, but it neglects reabsorption of emitted neutrinos
by matter.
Neutrino emission is purely thermal, characterized by
the local emission temperature T (the temperature of
matter). We assign mean neutrino emission temper-
atures for the different neutrino species to the disk,
defined as the neutrino energy emission rate averaged
quantities
T¯νi ≡ 〈T 〉Qνi . (65)
Here we have defined the neutrino emission rate average
of a quantity χ by
〈χ〉Qνi ≡
∫
χQeffνiWα
√
γd3x∫
QeffνiWα
√
γd3x
. (66)
Note that QeffνiWα
√
γ corresponds to the energy emit-
ted per unit time and coordinate volume through neu-
trinos of species νi as seen by the Eulerian observer
(cf. Eqs. (19) and (21)). For further reference, we also
define a corresponding spherical blackbody emission ra-
dius,
rνi =
(
Lνi
4pi 716σT¯
4
νi
) 1
2
, (67)
where σ is the Stefan–Boltzmann constant and the ac-
tual characteristic neutrino emission radius
Rem,νi ≡ 〈$〉Qνi . (68)
Figure 13 shows the total neutrino luminosities, aver-
age neutrino emission temperatures, and blackbody as
well as characteristic emission radii as extracted from
our simulation data. We extrapolate these quantities
beyond the end of the simulation at t = 381 ms by power
laws fitted to the late-time simulation data.
The neutrino luminosities are initially high, with Lν ∼
1052 erg s−1 for electron and anti-electron neutrinos and
at least an order of magnitude lower for the heavier neu-
trino species, but they quickly fade over timescales of
hundreds of ms. We note that these initial neutrino lu-
minosities are very similar to the values found in the
early post-merger accretion systems of recent hydro-
dynamic NS–NS and BH–NS merger simulations (e.g.,
Sekiguchi et al. 2016; Radice et al. 2016; Foucart et al.
2017). The total energy radiated in neutrinos by the
disk in terms of the various neutrino species is given
by Eνe , Eν¯e , Eνx = (4.2, 6.1, 0.083) × 1050 erg. Despite
the fact that the neutrino luminosities fade rapidly com-
pared to the evolution timescale of the disk, irradiation
by neutrinos during the early phase of the evolution can
still have an appreciable effect on the composition of the
disk outflows and thus on r-process nucleosynthesis. We
discuss this effect in the following section.
5. R-PROCESS NUCLEOSYNTHESIS
Abundance yields from r-process nucleosynthesis in
the outflows of the accretion disk were already presented
in Siegel & Metzger (2017). Here we elaborate on these
results, discuss the nucleosynthesis anomaly at A = 132
(Sec. 5.1), and present results from r-process nucleosyn-
thesis calculations including neutrino absorption, which
we perform with the nuclear-reaction network SkyNet
(Lippuner & Roberts 2017; Sec. 5.2).
5.1. The A=132 anomaly
Previous r-process nucleosynthesis analyses of disk
outflows from 2D Newtonian α-disk simulations have
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Figure 14. Ejection time tej of all unbound tracer particles
versus the last time t5GK at which the tracer particle reached
a temperature of 5 GK, color-coded by the electron fraction
at t5GK. The 15 tracer particles that contribute most to the
nucleosynthesis anomaly at A = 132 are marked as magenta
stars, which all follow the main correlation between tej and
t5GK.
noted an overproduction of A = 132 nuclei with respect
to the second r-process peak (A = 128−130) when com-
pared to observed solar system abundances (Wu et al.
2016). This was ascribed to late-time, low-temperature
convection in the disk outflow, i.e., to fluid elements,
whose ejection time tej (cf. Sec. 4.4) from the disk is
much greater than t5GK. We define t5GK as the last time
when the temperature of a fluid element (tracer parti-
cle) decreased below 5 GK, which is the characteristic
temperature for NSE to break down and the r-process
to set in.
Although our 3D GRMHD setup is expected to show
less large-scale, low-temperature convection than 2D
viscous hydrodynamics (because of the inverse turbu-
lent cascade in 2D), we still find an overproduction at
A = 132, which is evident from Fig. 15.
In contrast to Wu et al. (2016), we find that this
anomaly in our 3D GRMHD setup is not predominantly
due to tracers that undergo late-time low-temperature
convection, i.e., for which tej  t5GK. This is shown in
Fig. 14, which reports tej vs. t5GK for all unbound tracer
particles. The dominant contributors to this anomaly all
follow the main correlation between tej and t5GK, and
tracers with tej  t5GK are not among those. The ori-
gin of this anomaly remains inconclusive at this point.
It may point to a nuclear origin at least for our present
calculations with SkyNet, which requires further inves-
tigation concerning the nuclear physics input.
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Figure 15. Top: final mean elemental abundances for the
fiducial case without neutrino absorption as in Siegel & Met-
zger (2017) and including neutrino absorption according to
a spherical blackbody light-bulb scheme (see the text; “ν
abs. BB sphere”) and according to ringlike blackbody emis-
sion (see the text; “ν abs. BB ring”). For reference, ob-
served solar system abundances from Arnould et al. (2007)
are added, scaled to match the fiducial mean abundances
at A = 130. Bottom: comparison of abundances includ-
ing neutrino absorption according to the ringlike blackbody
emission to the observed abundances in metal-poor halo
stars (Sneden et al. 2003; Roederer & Lawler 2012; Roed-
erer et al. 2012), showing log  = log YZ/Y1 + 12, scaled such
that
∑
(log YZ/YZ,CS22892−052)2 is minimized in the range
55 ≤ Z ≤ 75.
5.2. r-process nucleosynthesis including neutrino
absorption
In order to explore the effects of neutrino absorption
on r-process nucleosynthesis in the ejecta material, we
‘light-bulb’ irradiate the ejecta by neutrinos from the
disk in a postprocessing step, employing two different
assumptions to bracket the uncertainties in the neutrino
emission geometry.
Spherical blackbody. In a first approach, following
Roberts et al. (2017), we assume that neutrinos are
emitted with luminosity Lνi and temperature T¯νi from
a single spherical surface centered on the BH of radius
rνi (cf. Eqs. (64), (65), and (67)) and that they follow a
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Figure 16. Comparison of the mass distributions of un-
bound tracer particles in terms of their electron fraction at
t = t5GK for the fiducial case without neutrino absorption, as
in Siegel & Metzger (2017), and including neutrino absorp-
tion according to a spherical blackbody light-bulb scheme
(see the text; “ν abs. BB sphere”) and according to ringlike
blackbody emission (see the text; “ν abs. BB ring”).
Fermi-Dirac distribution in energy space,
fFD(E, T¯νi) =
1
exp(E/kBT¯νi) + 1
, (69)
where E denotes the neutrino energy. The radii of the
neutrinospheres rνi are typically on the order of tens
of km and are roughly comparable to or smaller than
the actual radii Rem,νi of the peak neutrino emission
within the disk (see Fig. 13, bottom panel). The neu-
trino distribution function in energy space as a function
of coordinate radius r for species νi is then given by
fνi(E, r; T¯νi , Lνi) =
1
2
(
1−
√
1− r
2
νi
r2
)
fFD(E, T¯νi).
(70)
Ringlike blackbody. In a second approach, follow-
ing the neutrino emission geometry of Ferna´ndez &
Metzger (2013), we assume that neutrinos are emit-
ted with luminosity Lνi and temperature T¯νi from a
ring of radius Rem,νi in the equatorial plane around
the BH (cf. Eqs. (64), (65), and (68)). This geome-
try more closely resembles neutrino emission from the
disk, as most of the emission is confined to regions close
to the midplane (cf. Fig. 7, bottom panel) and as the
effective emission rates Qeffνi are indeed sharply peaked
around some characteristic emission radius r ' Rem,νi
(cf. Fig. 11, top panel). In analogy to Eq. (70), the
neutrino distribution function in this case is given by
fνi(E, r, θ; T¯νi , Lνi , Rem,νi) =
1
2
NνiIνifFD(E, T¯νi),
(71)
where
Nνi =
Lνi
4piR2em,νi
7
16σT¯
4
νi
(72)
and
Iνi =
1
2pi
(
Rem,νi
r
)2 ∫ 2pi
0
dφR
2D(r, θ,Rem,νi , φR)/r
2
.
(73)
Here r and θ denote the radial coordinate and polar an-
gle, respectively, and φR denotes the azimuthal angle
that parameterizes the neutrino emission ring. Further-
more,
D = r
[
1 +
(
Rem,νi
r
)2
− 2Rem,νi
r
sin θ cosφR
]1/2
(74)
is the distance between a spatial point (r, θ) and the
neutrino emission ring at position φR (cf. Fig. B2 of
Ferna´ndez & Metzger 2013).
Figure 15 reports detailed abundance yields, including
neutrino absorption, computed with the two methods
outlined above, in comparison to previous results ob-
tained by neglecting neutrino absorption (Siegel & Met-
zger 2017). It is reassuring that these results do not
depend on the method by which neutrino absorption is
included; both approaches lead to essentially the same
abundance yields. This is not surprising, given that the
source of neutrino radiation with a diameter of essen-
tially 60−80 km is sufficiently compact compared to the
spatial size of the entire disk and outflows (cf. Sec. 4.5).
With neutrino absorption included, the production of
the entire range of r-process nuclei from the first to
the third peak of the r-process can be explained. In-
cluding neutrino absorption dramatically improves the
agreement between the abundance yields of the lighter
nuclei from the first to the second r-process peak (A ∼
80− 120) compared to the observed solar system abun-
dances. This is due to neutrinos irradiating part of the
outflow and the outer parts of the disk, thereby raising
Ye in part of the outflow (see Fig. 16), which enhances
the production of lighter r-process nuclei. However,
a strong second-to-third-peak r-process is still main-
tained. The fact that the outflow well reaches the pro-
duction of third-peak elements at the required level to
explain solar abundances, even in the presence of strong
neutrino irradiation, is at least in part due to the self-
regulation mechanism discussed in Sec. 4.3, which con-
tinuously releases very neutron rich-material into the
outflow. The excellent agreement with observed abun-
dances is also reflected in the bottom panel of Fig. 15,
which compares the abundance yields from our simula-
tion including neutrino absorption with observed abun-
dances in metal-poor stars in the halo of the Milky Way.
6. CONCLUSION
Below, we summarize our main results and conclu-
sions.
(i) We witness the onset of MHD turbulence, which
quickly results in a steady turbulent state (Sec. 4.1)
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and an effective initial disk configuration that is
very similar to results from recent NS–NS or NS–
BH merger simulations. The disk remains in this
steady turbulent state for the rest of the simulation
time (Fig. 6). The butterfly diagram (Fig. 7) in-
dicates a fully operational magnetic dynamo with
a secular cycle of roughly ∼ 20 ms. The dynamo
generates magnetic fields of alternating polarities
in the disk midplane that slowly migrate to higher
latitudes, where they gradually dissipate into heat
in a “hot corona.”
(ii) We find the emergence of a hot disk corona at
higher latitudes. There, viscous heating from
MHD turbulence and dissipation of magnetic
fields is not balanced by neutrino cooling (which
tracks density and thus rapidly falls off with lat-
itude; Fig. 7), and powerful thermal outflows are
launched. The energy released by α-particle for-
mation also plays a crucial role in unbinding mat-
ter from the disk after it is lifted out of the BH
gravitational potential by coronal heating. The
asymptotic velocity scale of v∞ ≈ 0.1c of the
unbound outflows is largely set by the energy re-
leased from α-particle recombination (Fig. 9). Our
results agree qualitatively with previous work by
Barzilay & Levinson (2008), who explored models
of steady-state outflows driven from the midplane
of neutrino-cooled disks, including those powered
by the dissipation of turbulent energy in the disk
corona, finding that such outflows can preserve
the neutron richness of the disk midplane (see also
Metzger et al. 2008b).
(iii) We observe a regulation of the electron fraction
in the disk midplane by weak interactions. We
identify a self-regulation mechanism based on elec-
tron degeneracy in the inner parts of the disk
(where viscous heating is roughly balanced by neu-
trino cooling), which regulates the electron frac-
tion to Ye ∼ 0.1 irrespective of the initial condi-
tions (Sec. 4.3). This results in the formation of a
reservoir of neutron-rich material, despite the on-
going protonization in the outer parts of the disk
over viscous timescales (Fig. 5). This reservoir
continuously feeds very neutron-rich material into
the outflows, which thus keeps the overall mean
electron fraction of the outflows comparatively low
(Y¯e ∼ 0.2) over viscous timescales and guarantees
the production of third-peak r-process nuclei.
(iv) We demonstrate that the EOS and weak interac-
tions in the disk are not affected by magnetic field
effects (Fig. 4).
(v) We find that unbound outflows carry away .40%
of the initial disk mass with asymptotic escape ve-
locities centered around v∞ ≈ 0.1c, with a roughly
spherical geometry (Secs. 4.4 and 4.5; Fig. 8). The
total ejecta mass is given by
Mej ' 10−2
(
fej
0.35
)(
Mdisk
3× 10−2M
)
M, (75)
where fej denotes the fraction of mass ejected from
the original disk of mass Mdisk. This is larger than
that found by previous 2D Newtonian viscous-
hydrodynamic simulations (Ferna´ndez et al. 2015;
Just et al. 2015), which we attribute to additional
nonlocal coronal heating that quickly evaporates
disk material. With Mdisk ' few× 10−2M being
a rather conservative lower limit on disk masses
from NS mergers (e.g., Hotokezaka et al. 2013a;
Ciolfi et al. 2017), we conclude that post-merger
disk winds likely represent the dominant mass ejec-
tion mechanism in NS–NS mergers; in BH–NS
mergers, tidal ejecta may still dominate, depend-
ing on the binary parameters due to the more ex-
treme binary mass ratios expected in this case.
The asymptotic escape velocities and the quan-
tity of wind ejecta, if extrapolated to a moder-
ately higher initial torus mass ≈ 0.1M, provide
a natural explanation for the red KN from the re-
cent GW170817 event (e.g. Chornock et al. 2017;
Cowperthwaite et al. 2017; Villar et al. 2017).
(vi) The disk radiates thermal neutrinos at characteris-
tic temperatures of T ∼ few MeV with rapidly de-
clining luminosities starting at Lν ∼ 1052 erg s−1
and total radiated energies of Eνe , Eν¯e , Eνx =
(4.2, 6.1, 0.083)× 1050 erg (Fig. 13).
(vii) Outflows from the accretion disk are sufficiently
neutron-rich to synthesize r-process elements ex-
tending up to the third peak, a result that we find
is insensitive to our treatment of neutrino heating.
Neutrino heating can have a moderate impact on
r-process nucleosynthesis (Fig. 15), which is likely
to be greater in the case of a more massive torus
(Just et al. 2015). We find that by including neu-
trino absorption, the entire range of r-process nu-
clei from the first to the third r-process peak can
be synthesized in the unbound outflows, in agree-
ment with the findings of previous α−disk simula-
tions (e.g. Wu et al. 2016).
(viii) The production of first-to-third-peak r-process el-
ements with relative abundances in good agree-
ment with observed solar abundances and those on
metal-poor stars in the halo of our galaxy, together
with the inferred total ejecta masses (Eq. (75))
and the relatively high rate of NS–NS mergers in-
ferred from the discovery of GW170817 (the LIGO
Scientific Collaboration & the Virgo Collaboration
2017), arguably provide the strongest evidence yet,
Neutrino-cooled accretion disks from neutron star mergers 21
backed by first-principle simulations, for NS merg-
ers being the prime production site of r-process
elements in the universe.
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APPENDIX
A. TEMPERATURE DEPENDENCE OF ELECTRON CHEMICAL POTENTIAL
In this appendix, we derive the temperature dependence of the chemical potential µ of electrons in relativistic
degenerate matter (Eq. (52)). We start by writing the electron number density (Eq. (49)) as
n− =
(mec)
3
pi2~3
∫ ∞
−∞
f−(E, T, µ)g(E) dE, (A1)
with
g(E) ≡
{
E
√
E2 − 1 , E ≥ 1
0 , E < 1.
(A2)
Noting that (i) g(E) only diverges as a power of E as E → ∞, (ii) g(E) → 0 as E → −∞, and (iii) g(E) is well
behaved at E ∼ µ > 1, we can make use of the Sommerfeld expansion and write
n− =
(mec)
3
pi2~3
{∫ µ
−∞
g(E) dE + 2
∞∑
n=1
(1− 21−2n)ζ(2n)Θ2n
[
d2n−1g(E)
dE2n−1
]
E=µ
}
, (A3)
where ζ is the Riemann ζ-function. One can easily convince oneself that, at least for the first few derivatives of g(E),[
dng(E)
dEn
]
E=µ
' g(µ)
µn
O(1), (A4)
where O(1) refers to terms of order unity. Thus, the ratio of subsequent terms in the sum of Eq. (A3) scales as η−2,
and for degenerate matter η = µ/Θ  1, the sum converges rapidly. Only retaining the first two terms in Eq. (A3)
results in
n− ' (mec)
3
pi2~3
{
1
3
(µ2 − 1)3/2 + pi
2
6
Θ2(µ2 − 1)1/2
}
. (A5)
Again to first order, this can be rewritten as(
µ2 − 1
E2F − 1
)1/2
'
{
1− pi
2
6
Θ2
E2F − 1
}
, (A6)
where EF ≡ µ(T = 0) is the relativistic Fermi energy. This is the relation to be derived.
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